The production of municipal solid waste (MSW) represents one of the greatest challenges currently faced by waste managers all around the world. In Brazil, the situation with regard to solid waste management is still deficient in many aspects. In 2015, only 58.7% of the MSW collected in Brazilian cities received appropriate final disposal. It was only as late as 2010 that Brazil established the National Policy on Solid Waste (NPSW) based on the legislation and programmes established in the 1970s in more developed countries. However, the situation with regard to MSW management has changed little since the implementation of the NPSW. Recent data show that, in Brazil, disposal in sanitary landfills is practically the only management approach to MSW. Contrary to expectations, despite the economic recession in 2015 the total annual amount of MSW generated nationwide increased by 1.7%, while in the same period the Brazilian population grew by 0.8% and economic activity decreased by 3.8%. The article describes the panorama with regard to MSW in Brazil from generation to final disposal and discusses the issues related to the delay in implementing the NPSW. The collection of recyclable material, the recycling process, the application of reverse logistics and the determination of the gravimetric composition of MSW in Brazil are also addressed in this article. Finally, a brief comparison is made between MSW management in Brazil and in other countries, the barriers to developing effective waste disposal systems are discussed and some recommendations for future MSW management development in Brazil are given.
Introduction
Population growth associated with technological advancement has contributed to a significant increase in the generation of municipal solid waste (MSW), which is associated with significant environmental and public health risks worldwide (Dolar et al., 2016; Talalaj and Biedka, 2015) .
In Brazil, the situation with regard to solid waste management requires greater attention (Leme et al., 2014; Souza et al., 2014) . With a population of 207,488,053 (IBGE, 2017) , and a vast territory covering 8,515,767 km 2 (IBGE, 2016a) , Brazil is the biggest country in Latin America. However, only 58.7% of the MSW collected in 2015 was appropriately disposed of in sanitary landfills, while 41.3% was inappropriately disposed of in controlled landfills or open dumps, representing 29,973,482 t (ABRELPE, 2016) . With few initiatives in place, the collection of recyclable material covers less than half of the national territory. Consequently, the country loses around 2.5 billion dollars annually because recyclable waste is inappropriately disposed of in landfills (IPEA, 2010) .
In 2015, Brazil's generation of MSW was around 79.9 million t, corresponding to 1.071 kg MSW person -1 day -1 (ABRELPE, 2016) . There was an increase of about 31% in the generation of MSW compared to the early years of this century. This surpassed the population growth rate in the country during the same period, which was about 7% (ABRELPE, 2016; IBGE, 2015) .
The National Policy on Solid Waste (NPSW) was established by Federal Law n. 12.305 in August 2010, and it can be considered to be a milestone for waste management in Brazil. The goals of this law are the reduction, reutilization, recycling, treatment and appropriate disposal of MSW, including energy recovery systems, in order to avoid damage to the environment and public health. This law prohibits the open dump disposal of MSW and it is stipulated that all states and cities must have closed their open dumps by 2014 (Presidência da República, 2010) . Nevertheless, the situation with regard to MSW in Brazil has changed very little since the introduction of the NPSW and much of it still goes to inappropriate final destinations (Maier and Oliveira, 2014; SELUR, 2014) . This situation is ameliorated by so-called controlled landfills that used to be open dumps, which are subjected to an isolation process where leachate and gas drainage systems are installed and waste cover layers are added (Argolo and Cerbato, 2012) . The types of destinations for the final disposal of MSW in Brazil from 2010 to 2015 were (on weight basis): sanitary landfill, 57. 6-58.7%; controlled landfill, 24.3-24.1%; and open dump, 18.1-17.2% (ABRELPE, 2016) .
Due to the closure of some open dumps and the need for these areas to receive remedial attention, the proportion of controlled landfills in the country has been increasing. From the socioenvironmental point of view, this is still considered an inappropriate solution for MSW disposal; however, it is more acceptable than open dumps, since the pollution generated is localized (ABRELPE, 2016; SELUR, 2014) .
A comprehensive review of MSW management in Brazil has been provided in this article and the following topics are covered: the legal regulations aligned to MSW management, mainly the Brazilian NPSW; a description and discussion of the physical composition of MSW; an overview of the current situation of MSW management system in Brazil, including by region, generation, collection, final disposal, cost of collection and resources applied; a consideration of the collection of recyclable material, the recycling process and the application of reverse logistics; a discussion of and comparison between MSW management in Brazil and other countries; and, finally, challenges for the future regarding MSW management in Brazil.
The importance of this research is the impact of Brazil on the international scenario, even if it is a developing country. In the past decade, Brazil became one of the world's fastest-growing economies (Hanson, 2012) in spite of the nationwide economic recession in 2015 and 2016. Brazil is also the world's ninth largest economy by nominal gross domestic product (IMF, 2017) and the eighth largest by purchasing power parity (CIA, 2017) . Besides this, Brazil is the fifth most populated country (IBGE, 2017) , as well as the fifth largest (IBGE, 2016a) , so the quantity of MSW generated is representative in terms of global environmental and human health impacts associated with waste management.
Legal framework for MSW management in Brazil
As previously mentioned, the deadline for the closure of all open dumps in Brazil, according to Federal Law n. 12.305/2010, was August 2014. Since then, all MSW should have been disposed of in an environmentally acceptable manner (Presidência da República, 2010) . However, two years after this legally established deadline, the objectives have clearly not been met (ABRELPE, 2015; Miguel et al., 2016; SELUR, 2014) . There was an attempt to extend the deadline to 2018 with Provisional Measure n. 685/2015, which was approved by the Chamber of Deputies and the Senate; however, the provisional measure was vetoed by the Presidency of the Republic (Chamber of Deputies, 2015a) . Nevertheless, other proposals to extend the final date for the closure of all open dumps in Brazil, such as Brazilian Law Project n. 2.289/2015, are currently being processed by legislators, with the following new deadlines: July 2018 for capitals and metropolitan regions; July 2019 for towns with populations over 100,000; July 2020 for towns with populations between 50,000 and 100,000; and July 2021 for towns with populations below 50,000 (Chamber of Deputies, 2015b) .
It is important to note that the inappropriate disposal of solid wastes in Brazil has been considered an environmental crime since 1998, as established by Federal Law n. 9. 605/1998 (Presidência da República, 1998 . Therefore, even if the deadline established by the NPSW is postponed, municipalities would not be relieved from the constitutional obligation to eliminate incorrect practices of MSW disposal. Even so, around 34,000 t of MSW were disposed of in open dumps in Brazilian towns and cities every day in 2015 (ABRELPE, 2016) .
The main legal framework for MSW management in Brazil is laid out in Figure 1 .
Although more restrictive laws are now in place, the inappropriate disposal of MSW continues in all regions of Brazil (SELUR, 2014). In fact, around 41% of the MSW collected in 2015, which corresponds to more than 82,000 t day -1 , was sent to controlled landfills or open dumps. The Brazilian Federal District itself (the territory where the Brazilian capital, Brasília, is located) makes a huge contribution to this statistic since in 2015 all of its MSW went to controlled landfills, in other words, its destination was inappropriate (ABRELPE, 2016) .
The Brazilian national policy on solid waste
An important part of the Brazilian legal framework was Federal Law n. 11.445/2007, the National Sanitation Policy (Presidência da República, 2007) . This law was established to guarantee an ecologically balanced environment, one of the rights of all Brazilian citizens according to the Brazilian Constitution (Presidência da República, 1988) . The National Sanitation Policy defines the concept of basic sanitation as a combination of services, infrastructure and operational facilities to provide potable water supply, sewage treatment, urban cleaning, solid waste management, drainage systems and rainwater management (Presidência da República, 2007) .
Solid waste generation has increased as a function of population growth and this has become a major challenge, particularly in urban areas (Souza et al., 2014) , increasing the need for further discussions, laws and actions focused on this issue. Drawing on legislation and programmes introduced in the 1970s in more technologically advanced countries, such as the USA, Brazil introduced the NPSW in 2010 (Presidência da República, 2010) .
The NPSW provides principles, objectives, instruments and guidelines related to the integrated management of solid (including hazardous) waste, as well as guidelines on the responsibilities of the generators and public authorities, and on the associated economic tools (Presidência da República, 2010). However, this law does not apply to radioactive waste, which is regulated by specific legislation (Presidência da República, 2010) .
Some of the principles of the NPSW are prevention and precaution, and sustainable development, recognizing that reusable and recyclable solid wastes are economic goods with social value that can generate jobs and income and promote social inclusion. It also recognizes the need for cooperation between the different levels of government, the private sector and other segments of society. Thus, concepts that are little known and rarely practised in Brazil were sanctioned by this law, including: the collection of recyclable materials; the environmentally appropriate final disposal of MSW; integrated solid waste management established by contracts between the public sector and private companies; and the application of reverse logistics (return of solid waste to the business sector for reuse) (Presidência da República, 2010) .
The main goals established by this legislation are: Based on this new policy, every municipal council in Brazil has to promote environmental education as well as stimulate the population and appropriate enterprises to implement sustainable practices aimed at eliminating or reducing the amount of MSW. In addition, it is the responsibility of municipal councils to provide a municipal manager to be responsible for MSW, its recycling, treatment and appropriate final disposal (Presidência da República, 2010) .
In accordance with Federal Law n. 12.305/2010, municipalities in Brazil must draw up a municipal solid waste management plan (MSWMP) for the next 20 years, to be revised every 4 years, in order for the federal government to allocate financial resources. The municipal plan was to be submitted to the federal funding agency by August 2012 at the time of loan application and its content would be evaluated (Presidência da República, 2010) . Despite this, by the end of 2016, some local councils have still not produced their MSWMP.
The legally established deadline to end the inappropriate final disposal of MSW was established in this federal legislation, that is, the closing of all open dumps by August 2014. In addition, prioritizing each municipality in terms of the financial support they received from the federal government was linked to the presentation of urban cleaning service solutions through the formation of private-public consortia, and the implementation of recycling collections with the participation of recyclable material pickers. According to Dias and Samson (2016) , recyclable material pickers are comprised of the following groups: poor or unemployed people looking for food, clothing and other necessities in rubbish; informal workers seeking recyclable materials in order to make money by selling them to recycling companies; and employees of or workers associated with recycling cooperatives.
In addition, other goals have been stipulated, including a reduction in the amount of dry recyclable waste and wet solid urban waste disposed of in landfills, and the remediation of open dumps. The guidelines for these goals are based on actions to stimulate recycling: the social inclusion of recyclable waste pickers; an increase in the number of cooperatives and associations of recyclable waste pickers; encouraging composting; and exploring the use of biogas from landfills (Presidência da República, 2010) .
Even though overdue, this is a political advance in that it recognizes the need for changes in the approach to MSW management in Brazil, which, as in other developing countries, consists mainly of the collection and final disposal of waste in landfills and/or open dumps (Guerrero et al., 2013; Mavakala et al., 2016) . Other technologies, such as composting, recycling and incineration with energy recovery are rarely applied in developing countries, although they are the processes most recommended in the literature (Ali and Courtenay, 2014; Ji et al., 2016; Leme et al., 2014) . In order to minimize the environmental impacts, MSW management methods should be prioritized in the following order: waste reduction, reuse, recycling and composting, energy recovery and landfill disposal (Williams, 2005) .
Based on reverse logistics, which according to the NPSW is one of the instruments for implementing shared responsibility for the product life cycle, the return of waste should be carried out through agreements with the respective companies (Presidência da República, 2010). The NPSW establishes that reverse logistics is compulsory for the following products: pesticides and their respective waste and packaging; batteries and refills; tyres; lubricating oils and their respective waste and packaging; fluorescent lamps, sodium and mercury vapour lamps, and mixed light lamps; electronic products and their components; medicines; and packaging in general (Presidência da República, 2010 ). An effective strategy to make organizations more competitive is the implementation of reverse logistics (Hosseini et al., 2015; Lau and Wang, 2009) .
In summary, the NPSW registers the principles, objectives, instruments, guidelines, goals and actions that need to be adopted by the federal government, alone or in cooperation with the states, the Federal District, the municipalities or the private sector, prioritizing integrated management and environmentally appropriate solid waste management practices, according to Federal Law n. 12.305/2010, 4th article (Presidência da República, 2010).
Physical composition of MSW in Brazil
Organic matter, paper, cardboard, fabrics, polymeric materials (plastics and rubbers), glass, wood, ferrous and non-ferrous metals are the predominant components of the physical composition of MSW. In this mix there are some biodegradable materials, but there are also substances that will be conserved in nature for a long time, representing a source of environmental pollution (Cox et al., 2015; Gidarakos et al., 2006; Rafizul and Alamgir, 2012) .
The types of solid waste permitted in Brazilian landfills are those defined as Class IIA by NBR 10004/2004 (Brazilian regulatory standard) produced by the ABNT (national standards association) (ABNT, 2004; Secretaria de Estado de Meio Ambientee Desenvolvimento Sustentável, 2006) , that is, non-hazardous and non-inert waste such as: MSW from household and commercial sources; waste from weeding, sweeping, pruning and scraping activities; waste from sewage treatment plants (grating, grit separator and sludge dewatering wastes); dehydrated waste from cesspool cleaning vehicles; dehydrated residues from water treatment plants; and solid wastes from industrial plants, markets or other sources for which a Class II classification has been verified by a technical report following laboratory analysis according to specific ABNT standards (ABNT, 2004) .
The physical compositions of MSW from towns in different regions of Brazil are shown in Table 1 .
It is possible to estimate the economic development of a country by analysing the physical composition of its MSW. In general, the greater the income of a country the higher the consumption and, therefore, the amount of waste generated. Less packaging (made of paper, plastic, etc.) is usually used in less-developed regions and there is a greater amount of organic material waste generation (Hoornweg and Bhada-Tata, 2012) . Therefore, the waste material generated in the highest proportion in all towns listed in Table 1 corresponds to organic matter (51.4-57.27%), as expected for Brazilian MSW (Miguel et al., 2016; Münnich et al., 2016) . As noted by Machado et al. (2010) , the percentage of organic material present in MSW influences its properties, such as compressibility, shear resistance and permeability.
The percentage of recyclable materials in waste in Brazil is low compared to developed countries. In the USA, for example, around 54.5% of MSW generated in 2010 was recyclable matter, including metals, plastics, glass, paper and cardboard (EPA, 2010) . Recyclable waste can be transformed into inputs or new products, and this is ecologically desirable. However, these large quantities of non-biodegradable materials generated become a concern if they are not properly managed and their final destination is landfills. This is an even more worrying scenario Source: (a) Prefeitura Municipal de Araguaína (2013) considering that some of these materials can take hundreds of years to decompose, food packaging made from synthetic polymeric materials, for instance (Brown, 2015; Halden, 2010) . There are many factors that influence the MWS composition generated at a certain location (Hansen et al., 2007; Miguel et al., 2016) . According to Campuzano and González-Martínez (2016) , MSW composition is related to the geographic region, population size, social conditions and people's eating habits, as well as the predominant economic activities, and even the season of the year.
MSW generation is also related to regional culture, since the concepts of waste, cleaning practices and dirtiness differ and are directly related to regional customs and habits (Douglas, 1966) . According to Brown (2015) , MSW generation is not simply a product of society, it is related to the level of development and rates of social and economic change within that society, and the form adopted by it in order to achieve modernity. Soukopova et al. (2016) analysed how demographic characteristics influence MSW generation in 610 towns in the Czech Republic, and concluded that waste production and the funds to manage it are strongly influenced by the quantity of recently retired elderly people.
The population will always generate waste, but good decisions regarding what constitutes rubbish (i.e. avoiding wastage), minimizing the quantity generated and the implementation of appropriate management practices by the authorities, are essential elements to avoiding irreversible ecological problems. It is notable that Brazilian towns generate high proportions of organic waste (the biggest contributor to MSW) and yet there is no strategy for the simple separation of organic and non-organic waste in residences. The composting of biodegradable waste could return nutrients to the soil in the form of fertilizer for agriculture, and its proper utilization is important to sustainable development (Alwaeli, 2015; UN Habitat, 2010) .
Current situation with regard to MSW management in Brazil
A recent concept of integrated and sustainable waste management (ISWM) is divided into physical elements and governance features to deliver a well-functioning system, 'hardware' and 'software', respectively (UN Habitat, 2010) . The 'hardware' comprises public health (i.e. an extensive MSW collection service), environmental (protection of the environment during disposal and treatment) and resource (waste minimization, recycling, reuse and organics recovery) management (ABRELPE, 2013). In turn, the "software" concept include three interrelated requirements for delivering a "good waste governance": the necessity to be inclusive (spaces for stakeholders to contribute as users, articulation between the different classes of government and between them and the business sector, aimed at technical and financial cooperation), be financially sustainable (i. e. cost-effective and affordable) and have proactive policies ( UN Habitat, 2010) . Thus, the current situation in Brazil with regard to MSW management according to this concept is shown throughout this article.
Zero waste policies are being adopted in Europe as a strategy to benefit the environment and society. The approach to 'zero waste Europe' is that wastes need to be converted into new resources (Zero Waste Europe, 2014) and, thus, MSW treatment plants must contain facilities for sorting recyclable material, be able to operate the necessary recycling processes and have composting and incineration plants (Fudala-Ksiazek et al., 2016) . Meanwhile, in Brazil, disposal in sanitary landfills is still practically the only technique applied to deal with MSW (CEMPRE, 2013; Luz et al., 2015) . When the percentage of domestic solid waste sent to other forms of final destination in Brazil is analysed, this reality becomes evident. Apparently, only 0.8% of MSW is destined for composting plants, approximately 1.4% for recycling facilities, less than 0.1% for incineration, less than 0.1% for wetland areas and 0.3% for other types of units (Ministério do Meio Ambiente, 2012).
When the MSWMP was established, each council was required to select a contracts and management model (Presidência da República, 2010) . The main types adopted include formation of a consortium, direct service provision, contracts through bidding, concessions or public-private partnerships (SELUR, 2014) . Because of the plurality of these financial models, there is still no consensus regarding which would be the best standard and, therefore, the most appropriate for each case nationwide. It is worth mentioning that most sanitary landfills in Brazil as well as in other developing countries are managed by private companies that are hired by the respective municipality (Ahmed and Ali, 2004) . Therefore, each municipality pays (per mass) for the quantity of material disposed of in landfills (SELUR, 2014) .
The amount of MSW generated in Brazil is dependent on the type of economic structure (agriculture, industry, tourism, etc.), regional characteristics (rural or urban), the education level of the population and the climate (Miguel et al., 2016; Münnich et al., 2006) . Data on the generation and collection of MSW corresponding to 2014 and 2015, as well as information on the final destination, can be seen in Table 2 . A comparison between 2014 and 2015 with regard to MSW generation reveals an increase of 1.7% from one year to the next (ABRELPE, 2016) . This increase is higher than that of the population growth in Brazil during the same period, which was 0.8% (IBGE, 2015) . Thus, part of the volume of MSW generated appears to be due to wastage. Brazil is among the top 10 countries in terms of food wastage -during harvesting, post-harvest, during transportation to retailers, at the retail outlets (supermarkets) and even in the hands of the final consumer (EBC, 2016) . Annually, around 41,000 t of food become waste in Brazilian towns and cities (EBC, 2016) . As a stark contrast, millions of Brazilians live in extreme poverty; in other words, a great many people have a monthly income of less than US$ 24 and they need help from the Brazilian government to guarantee their access to food (Lobel, 2013 ; Ministério do Desenvolvimento Social e Combate à Fome, 2015). Therefore, a conscious consumer should know the difference between what is discarded out of necessity and what is thrown away simply because it is no longer desired.
A comparison between volumes of MSW collected in 2014 and 2015 shows a growth of 1.8%. Thus, there was a slight improvement in the coverage of the MSW collection services, considering MSW generation within the same period. The percentage of collection coverage reached 90.8%, which means that more than 7 million t of waste were not collected during 2015. The irregular disposal of this waste (ABRELPE, 2016) , besides enabling the proliferation of diseases, contributes to the greenhouse effect. To avoid mounds of rubbish accumulating in residential neighbourhoods, non-collected wastes are frequently burned by the local population. This is inappropriate because of the emission of polluting gases.
Regarding the final destination of the collected waste, the data showed that from one year to the next the percentage change was not significant, the percentage of MSW sent to an appropriate destination only increasing slightly from 58.4% to 58.7% (ABRELPE, 2016) . In Brazil, it is common for citizens to discard rubbish in undesignated areas (fly tipping), instead of depositing it in appropriate places, even in urban areas where there is a regular MSW collection service (e.g. three times a week) provided by the local council (ABRELPE, 2016; Congressoemfoco, 2015) . In Europe, the practice of discarding unwanted materials on the streets ended around 150 years ago (Guilford, 2013) . The inappropriate disposal of MSW can affect the environment in several ways, contaminating water bodies, for instance, which poses a public health risk due to the proliferation of disease vectors, and contributing to climate change due to the emission of polluting gases (McDougall et al., 2001; Sanjeevi and Shahabudeen, 2015) .
Considering the regional inequalities around the country with considerable economic and social disparities between states and between towns and cities in Brazil, the situation with regard to solid waste should also be analysed by region. This will provide data that are more representative of the reality of the country and help to identify those regions or urban areas that need more intense mitigation actions (Araujo and Cabral, 2015; Stanley et al., 2013) . The regional contributions to the parameters of MSW generation, collection and final destination are shown in Table 3 .
It can be noted in Table 3 that, on a daily basis, the most populous regions in Brazil are the largest MSW generators, with the exception of the Mid-west Region. Although this region has a smaller number of inhabitants in comparison with the North Region (15,442,232 and 17,472,636, respectively) , in 2015 the generation of MSW was 9.91% higher than that of the North Region (ABRELPE, 2016) . This can be attributed to the greater economic power of the Mid-west Region compared to the North Region. According to the most recent data released by IBGE (2013), the Mid-west Region represents 9.1% of the Brazilian gross domestic product (GDP), while the North Region is responsible for only 5.5%.
An analysis of the resources applied in relation to the amount of MSW collected per year, using the example of 2015, reveals that the average cost per metrictonne of MSW in Brazil was approximately US$ 39 (ABRELPE, 2016). The South Region had the highest collection cost per metrictonne of MSW (around US$ 49), followed by the North, North-east and South-east regions (around US$ 47, US$ 43 and US$ 42 t -1 , respectively). Collection in the Mid-west Region was the least costly, around US$ 30 t -1 (ABRELPE, 2016) .
Even though in the South Region the cost for MSW collection per tonne is approximately 19% higher compared with the Southeast Region (ABRELPE, 2016), the quantities generated and collected in the South-east Region are much higher than those in the South Region. Thus, the total value of the resources applied to MSW collection in the South-east was the highest of all regions, reaching US$ 1,624 million in 2015 (ABRELPE, 2016) .
The coverage of MSW collection, in other words, the ratio between the amount of MSW collected and generated in the year 2015, varied with the Brazilian regions. This is highlighted in Figure 2 , which illustrates the coverage achieved by each region and also in Brazil as a whole with regard to MSW collection.
In the North-east Region, 43,894 t of MSW were collected per day in 2015, according to ABRELPE (2016), which is more than twice the value collected in the South Region. However, in the North-east Region less than 80% of the total MSW generated was collected, while in the South Region there was more than 94% coverage of collection.
The greatest coverage of MSW collection was observed for the South-east, South and Mid-west regions (97.40%, 94.38% and 93.70%, respectively). Herein, the South-Central Region of Brazil is considered to be the region composed of the South-east, South and Mid-west regions of Brazil, excluding the north of Minas Gerais State and most of Mato Grosso State along with part of Tocantins State. In this socio-geographic region there is intense economic activity and high rates of industrialization and urbanization. This region provides the highest contribution to the country's GDP and leads national production in almost all Brazilian sectors in addition to having the greatest concentration of people. Consequently, it receives more government financing to reach the basic sanitation goals (Azzoni, 2001; Ferreira Filho and Horridge, 2006) . The lowest values in Figure 2 for the North and North-east regions can be attributed to the greater number of small municipalities in these regions. Some of these are remote and many have insufficient economic resources to implement the necessary actions for the collection of MSW and/or to obtain federal government financing (BNDES, 2014; Fishlow, 1972; Menezes et al., 2011; Porsse et al., 2012) .
The income evolution and per capita generation of MSW in Brazil has been analysed by Campos (2012) , who noted that the growth in the generation of waste was greater than the increases in population and GDP. In fact, despite the nationwide economic recession in 2015, the quantity of MSW generated has continued to increase in Brazil. The total amount of MSW generated in the country increased by1.7% between 2014 and 2015 (ABRELPE, 2016), a period in which the Brazilian population grew by 0.8% (IBGE, 2015) and the economic activity (based on GDP) decreased by 3.8% (IBGE, 2016b) . This increase in waste generation is related to new social habits developed in the last decade in which the consumption model started to include a large volume of disposable materials, a pattern that has not been altered even with the economic crisis experienced by the country (ABRELPE, 2016; Barbosa and Veloso, 2014; Biron, 2014) .
There are few public policies in place to ensure that disposable materials are recycled instead of ending up in sanitary landfills (Campos, 2014) . In addition, the MSW issue in Brazil is aggravated by a lack of awareness on the part of the population, since in most cases people do not attribute value to solid waste (SELUR, 2014). Thus, many materials that could be recycled are sent for disposal in landfills and, consequently, the volume of MSW that has to be treated becomes much larger and, proportionately, so do the associated costs (Miguel et al., 2016) .
The characteristics and trends in Brazilian society as well as the determining factors that lead to social development need to be analysed in detail in order to plan MSW management for the future. Intensification of environmental education actions, incentives for the recycling industry and promotion of social inclusion could help to extinguish practices such as people throwing rubbish on to the streets and help to ensure that irregular waste disposal sites are built far from residential neighbourhoods. In Brazil there is practically no residential material sorting, not even at the very least to separate what is organic from what is recyclable (Campos, 2014) . Resource management linked to recyclables materials is discussed in the next section.
Collection of recyclables, recycling and reverse logistics in Brazil
Data published by the National Secretariat for Environmental Sanitation and which refer to the state of MSW management using 2014 as the base year show that the collection of recyclables has not become a reality yet in most Brazilian municipalities (Ministério das Cidades, 2016). Table 4 presents data on the collection of recyclables in Brazilian cities for the year 2015. It is also important to highlight that in many of the 3859 municipalities in which there is some collection of recyclables, this does not yet cover the entire urban area (ABRELPE, 2016) . Although the number of cities that collect recyclables is significant, it should be noted that in Brazil these activities can often be summarized as the provision of voluntary delivery points for the population or the simple formalization of agreements with cooperatives of pickers who perform the service (ABRELPE, 2012).
The work of the waste pickers has long lacked recognition as a formal profession in Brazil, being the subject of considerable prejudice, but this concept is now changing. These workers are generally people in need who live in precarious conditions. They work to separate waste with recyclable potential to convert these materials into financial resources and, thus, guarantee their daily sustenance (SELUR, 2014) .
In 2008, there were around 230,000 Brazilian people engaged in waste picking (Crivellari et al., 2008) . Because of the importance of these workers to recycling initiatives in a developing country, Brazil is one of the forerunners in organizing waste pickers and has already officially recognized waste picking in the Brazilian classification of occupations (WIEGO, 2011). There are three types of waste picker in Brazil (Crivellari et al., 2008) . The first is the autonomous waste picker who works to sort recyclable materials on the streets or in open dumps and sells them to junk shops or waste pickers' associations. This type of picker is not associated with waste pickers' cooperatives or associations. The second type is the organized waste picker who is an employee of a waste pickers' cooperative or association. The final type is the waste picker who works under a contract, usually in junk yards, in the public municipal sector or even for waste pickers' associations or cooperatives.
In 2013, the State Secretariat for the Environment of Rio de Janeiro launched the first recycling centre in the country, located in the area of Jardim Gramacho in Duque de Caxias City, in the state of Rio de Janeiro (SEA, 2013). The centre was structured with two sheds for receiving, sorting, compressing and storing recyclable materials that would later be sold. The project was part of a strategy to promote the social and economic inclusion of the approximately 1700 waste pickers who lost their livelihood following the closure of the largest open dump in Latin America in 2012 that had been located in Jardim Gramacho (SELUR, 2014) . However, the promise to employ around 500 ex-waste pickers has not been fulfilled. After two years of operation, only 80 waste pickers are employed and each of them earns less than the national minimum salary (Globo, 2015) . Campos (2014) concluded that the waste pickers have not been hired and paid in accordance with Brazilian legal provisions, despite inspections carried out by the Ministry of Labour.
Brazil's recycling activities have gained attention due to the recycling of aluminium cans used for beverages and the country has maintained world leadership in this respect for some time. In 2014, the percentage of aluminium cans recycled reached 98.4%, which corresponds to 261,000 t (ABAL, 2014). This is followed by Japan with 87.4% and the USA with 66.5% (ABRELPE, 2016) . However, aluminium recycling in Brazil is not restricted to beverage packaging. The most recent data shows that in 2013 Brazil recycled 486,000 t of aluminium, corresponding to 33.7% of domestic consumption in this period, which guarantees the country the leading position globally in efficiency in aluminium recycling. In this regard, the global average was 30.7% in 2013 (ABAL, 2014) .
In Brazil, plastics recycling is mainly related to polyethylene terephthalate (PET) bottles, which are abundant in the rubbish generated in Brazilian cities, and there are many waste pickers who work in the separation of this type of recyclable material. Currently, 51% of this material is recycled in Brazil (ABIPET, 2016). However, PET recycling in Brazil has been decreasing. According to ABIPET (2016) , in 2014, 314,000 t of PET were recycled, while in 2015 this figure decreased to 274,000 t. The drop can be attributed to low economic activity (falling demand) and a large reduction in oil prices (ABIPET, 2016) . In addition, activities in important sectors such as textiles, chemicals, the automotive industry and transportation have dropped almost 50%, reflecting negatively on recycling, since these industries are large consumers of raw recycled materials (ABIPET, 2016; Challcharoenwattana and Pharino, 2016; Merrington, 2017) . Figure 3 summarizes the evolution of paper recycling rates in Brazil. Annual paper recycling is calculated by dividing the amount of paper with recycling potential that is recycled by the total amount of recycled paper consumed over the same period (ANAP, 2016) . In 2015, the country recorded a recovery of 63.4%, corresponding to a growth of approximately 4% in relation to the previous year (ANAP, 2016) . This percentage can be considered excellent, but it is related not only to the increase in the volume recovered, but also to the reduction in paper consumption, mainly printing and writing paper. Paper consumption has been declining since 2011, culminating in a reduction of 19.7% in 2015 compared to 2014. This fall is attributed to an increase in electronic means of communication (ANAP, 2016) . With regard to reverse logistics, one of the concepts and objectives defined in the NPSW, little progress has been made. In 2011, the Steering Committee for the Implementation of Reverse Logistics Systems was established. This is responsible for creating standards for the return of economically valuable waste that can be recycled or reused by the original industry for reuse in its cycle or in other production cycles (ABRELPE, 2016) .
Until now, in Brazil, not all solid wastes with the obligation to be structured in reverse logistics systems are part of such a system. According to a publication by the Union of Urban Cleaning Companies in the state of São Paulo (SELUR, 2014), five groups of reverse logistics chains have been created: plastic packaging for lubricating oils; sodium and mercury vapour lamps, and mixed light lamps; electronic products and their components; medicines; and packaging in general. However, many of these groups are still in the initial phase of operation or with proposals under negotiation.
The product groups that have achieved notable results made publicly available by ABRELPE (2016) are packaging for pesticides and for lubricating oils and unserviceable pneumatics, as summarized in Table 5 .
An analysis of the volume of waste generated in this sector between 2002 and 2014 shows an increase from 3768 to 42,645 t (inpEV, 2016) . At the same time, the reverse logistic system has improved. Currently, about 94% of primary plastic packaging that come into direct contact with pesticides have an appropriate destination, as well as about 80% of empty packaging from agricultural pesticides. This fact has elevated Brazil to the status of a respected world leader in this regard. This important environmental advance is attributed to the creation of the Sistema Campo Limpo (Clean Field System), a programme created by the National Institute for Processing Empty Containers (inpEV) aimed at the application of reverse logistics to deal with agricultural pesticides packaging in Brazil (ABRELPE, 2016) .
In 2015, 5,015 t of lubricant packaging were collected (99 million units) and approximately 4,705 t of this amount were destined for recycling. It should be noted that this achievement in terms of reverse logistics was initiated through the Programa Jogue Limpo (Clean Disposal Programme), created through the initiative of some lubricant manufacturers from the Rio Grande do Sul state (South Region of Brazil). The programme now covers 14 states and the Brazilian Federal District, reaching 3150 municipalities with 42,000 registered generator points. Since the beginning of the programme in 2015, 518,130,030 used plastic containers have been received and recycled in Brazil (ABRELPE, 2016; Jogue Limpo, 2016) .
The large number of unserviceable pneumatics being appropriately discarded in Brazil is related to an initiative from the Brazilian National Association of the Pneumatic Industries (ANIP), which is responsible for the National Programme for Collection and Disposal of Unserviceable Pneumatics. A number of manufacturers have joined this programme and financed both the collection and disposal of this type of waste in Brazil (ANIP, 2008) . The association was created to comply with CONAMA Resolution 258/1999 (CONAMA, 1999), which states that it is the sole responsibility of the manufacturers and importers to provide an environmentally appropriate destination for unserviceable pneumatics. In addition, CONAMA Resolution 416/2009 (CONAMA, 2009) establishes the obligation to install collection points in Brazilian municipalities with populations above 100,000.
Thus, it is clear that although Brazil is making progress in recycling and reverse logistics, the advances have been very slow. According to Campos (2014) , Brazil's situation compares positively to other Latin American countries, but it is still far from the advances achieved by OECD member countries. Since the high rates of recycling with regard to aluminium cans used for beverages, PET bottles and paper are achieved mainly by waste pickers (autonomous or organized) working outside municipal recycling programmes (Campos, 2014) , more effort is needed to establish sectoral agreements to break the economic impracticability of recycling, to promote the inclusion of waste pickers and to expand reverse logistics programmes to meet other priority products listed in the NPSW, such as lamps (fluorescent, sodium and mercury vapour, and mixed light) and electronic goods. 
Comparison between MSW management in Brazil and in other countries
As discussed previously in this article, the composition, quantity generated and management of MSW are functions of many factors (Kolekar et al., 2016; Vergara and Tchobanoglous, 2012) . One of the most influential of these is the economic situation, since a country's level of development affects its waste generation characteristics (Brown, 2015; Todoro and Smith, 2012) . In general, the most industrialized countries generate much higher volumes of waste, but the MSW tends to be more effectively managed (Campos, 2014) . Regrettably, in the most underdeveloped countries, disposal in open dumps is the only method of waste management. Landfill is the most widely used technology worldwide, although it is not considered the most appropriate solution (Daskalopoulos et al., 1997; UN Habitat, 2010) . Figure 4 shows the physical composition of MSW generated in different regions in developed, developing and underdeveloped countries and illustrates the main differences. However, according to Vergara and Tchobanoglous (2012) , drawing comparisons is complex since waste classification is conducted differently in each region.
It can be noted that the lower the purchasing power of the population the higher the concentration of organic matter in the respective MSW will be. Thus, developed countries have a high percentage of recyclable waste, mainly due to the programmes of domestic waste recycling (sorting and collection of recycled material) that have been implemented (Ahmed and Ali, 2004; Zhou et al., 2014) .
Regarding the costs of MSW management, the averages presented by Brazilian municipalities were significantly lower than international cities (160 US$ inhab -1 year -1 ). Brazilian cities invest around five times less in MSW management compared with cities in other countries (SELUR, 2014) . In 2012, the investment per capita in MSW management in the cities of Tokyo, Barcelona, Paris and New York was approximately 386 US$, 172 US$, 140 US$ and 80 US$ inhab -1 year -1 , respectively, while in Brazil, cities such as Rio de Janeiro, São Paulo and Brasília invested around 48 US$, 32 US$ and 35 US$ inhab -1 year -1 , respectively (SELUR, 2014) .
While developed countries, such as the USA, implemented legislation and programmes for solid waste management back in the 1970s, Brazil only established the NPSW in 2010. In the USA, waste management involves landfilling, incineration with and without energy recovery, recycling and composting, since the best waste disposal solutions are strongly dependent on waste composition (BNDES, 2014) . For example, organic fraction is the main factor that indicates the viability of composting, while a lot of paper and plastics determine the feasibility of recycling or incineration (Khoo, 2009; Kollikkathara et al., 2009). Thus, in 2014, 25.7%, 8.9% and 12 .8% of total generation were recycling, composting and combustion with energy recovery, respectively (EPA, 2016) .
In American society, the predominant driver for waste management seems to be the free market, which is heavily influenced by market-based economic drivers; currently, there are sorting plants that are very sophisticated, of large capacity and which employ high levels of automation (Cimpan et al., 2015) . In contrast, there is no national law that mandates recycling in the USA, only recycling legislation in certain states; recycling laws and regulations are, therefore, different at state level (GAO, 2006; Kollikkathara et al., 2009) . Therefore, the increasing material recovery rates can be associated with public opinion that strongly favours recycling and is opposed to waste-to-energy. According to a study conducted by the US government, there are three key practices that are used to increase recycling: making recycling convenient and easy for people; offering financial incentives for recycling; and conducting public education and outreach activities (GAO, 2006) . On the other hand, some collection programmes in the USA have already been linked to China becoming the largest importer of recyclable paper and plastics (Cimpan et al., 2015) .
A zero residue programme has been established for EU member states. This requires a progressive reduction in the disposal of biodegradable MSW in landfills (Zero Waste Europe, 2014) . The goal is to reduce the amount of landfilled biodegradable organic matter to 35% by 2016, with the exception of some Eastern European countries, such as Poland, which has an extended deadline (until 2020) to achieve this goal (Fudala-Ksiazek et al., 2016) . Four years before the deadline, in 2012, around 42% of treated European waste was destined for recycling or composting (EEA, 2014) . In 2015, of the 476 kg per capita of MSW generated in the 28 countries of the EU, 463 kg per capita were treated, 30% were destined for recycling, 17% went to composting, 26% went to sanitary landfills and 27% went for incineration. The most prominent country in terms of composting was Austria with 32%, while Germany was noted for its recycling (49%). Landfill disposal in these two countries was 3% and below 0.2%, respectively (Eurostat, 2016) . Furthermore, with regard to Europe, sorting centres (materials recovery facilities, packaging sorting plants and mechanicalbiological treatment facilities) are seen as a possibility for reaching recycling targets in regions with growing, but insufficient treatment capacity, such as Greece, Poland and other Eastern European countries (Cimpan et al., 2015) .
The MSW management systems in certain European countries are not at the same stage of development. These are mainly European nations that were former Soviet republics (IFC, 2012) and have experienced ongoing economic hardships after the dissolution of the Soviet Union (World Bank, 2002) . Current MSW management practices in Russia are resource-inefficient and result in negative environmental impacts. In 2010, around 95% of all MSW generated in Russia was sent for inappropriate disposal (IFC, 2012) .
It is important to highlight the fact that the countries of Central and Eastern Europe, such as the Czech Republic, Hungary, Slovenia, Belarus, Latvia, Ukraine, Estonia, Poland, Lithuania, Croatia, Moldova, Georgia, the Kyrgyz Republic, Russia, Tajikistan and Armenia, have MSW management systems that are more similar to those of developing countries (IFC, 2012) . These countries are referred to as European economic transition countries (Alwaeli, 2015) .
For example, waste generated in Poland in 2015 was 286 kg per capita (Eurostat, 2016) . The amount of municipal waste generated is still lower than in other developed European countries such as Denmark and Germany with 789 and 625 kg per capita, respectively (Eurostat, 2016) . The low amount of MSW generated can be attributed to the fact that the development of the market economy and the ensuing economic and social changes in Poland occurred relatively recently (Alwaeli, 2015) . Landfilling is still the predominant method used for the disposal of MSW in Poland, around 44%, whereas in Denmark and Germany the amount of MSW disposed of by this method is below 1% (Eurostat, 2016) . Small-scale composting and incineration are also used in Poland. This can be attributed mainly to a lack of waste separation at residential, institutional and commercial sources (Alwaeli, 2015) . Therefore, the current MSW management system in Poland is not yet as developed as in many older European countries.
In South Korea, Seoul is already putting into practice its third Solid Waste Management Plan (SWMP), while Brazil struggles to meet the goals of its first, two years after the deadline for its implementation. South Korean authorities have offered initiatives to carry out recycling through recyclables collection programmes and, since 1995, have imposed financial penalties for wastage (Seoul Metropolitan Government, 2016) . This practice has proved to be a very effective strategy for a country with a high population density and little land area available for sanitary landfills (Seoul Metropolitan Government, 2016) . In 1999, the average amount of waste produced by each person per day decreased to less than half compared to 1991. The Seoul government recently announced that it would close all sanitary landfills by 2017 (Seoul Metropolitan Government, 2016) .
In China, there is a shortage of available landfill areas. Thus, since the 1980s, the authorities have been investing in the incineration technique. According to Zhou et al. (2014 Zhou et al. ( ), between 2003 and 2012 the number of incineration plants increased from 47 to 138. In Brazil, the lack of space issue is a little different; there is available land in rural areas for the construction of new sanitary landfills, but not in metropolitan areas, since is it considered unacceptable to place these sites close to residential areas. Thus, most Brazilian landfills are built in rural areas, which increases the costs associated with the transportation logistics.
According to Todoro and Smith (2012) , China is the country that has achieved the greatest reduction in poverty over the last 30 years and, consequently, this has increased Chinese consumerism to levels approaching those of developed countries. Technological advances, intense industrial production and rural migration to already overcrowded urban centres in China have contributed to a growth in the GDP. A burden associated with this economic growth is the increase in the volume of waste generated annually. China is the second largest producer of waste in the world. In 2009 alone, 157,340,000 t of MSW were collected in China (United Nations, 2011). China has been growing economically, but it has been disputed whether this growth can be interpreted as development due to environmental damage (Liu and Raven, 2010) . Therefore, as in Brazil, China still needs to implement significant advances in the management of its waste.
Incineration of MSW in China is currently highlighted for its lack of operating experience, deficient funds for compliance with the emission standard, and the lack of reliable supervisory measures (Lu et al., 2017) . Moreover, closing all substandard plants is hard, since the capacity for harmless treatment and disposal of MSW is not sufficient in China. Recently, in 2014, air pollution control systems were improved with China's new emission standard for pollution control on MSW incineration. This stipulates much more restrictive emission limit values than its old edition (Lu et al., 2017) .
The measures that Brazil still needs to take in order to mitigate adverse environmental impacts are extensive. However, compared to other underdeveloped countries -most of the African nations, for instance -it can be noted that in Brazil most cities have already made some progress. In Nigeria, for example, MSW management is summarized as: collection, transportation and disposal in open dumps located in remote regions far from urban centres. There is no official recycling programme in the country, only initiatives, despite a population of 160 million with each person generating around 0.58 kg of waste per day (Arukwe et al., 2012; Babayemi and Dauda, 2009 ). According to Ogwueleka (2009) , MSW management in Nigeria is characterized by inefficient methods of collection, only partial coverage of the system and inappropriate final disposal of all the waste collected.
Rapid industrialization and intense population growth as well as migration from rural areas to urban centres have led to an exponential increase in the volume of MSW generated in India (Bundela et al., 2010) . The amount of waste generated in Indian cities increased from 48,000,000 t in 1997 to 90,000,000 t in 2009, and the estimates indicate that in 2047 around 300,000,000 t of MSW will be produced in India alone (Gupta et al., 2015; Sharholy et al., 2008) . The system of collection and transportation of MSW is not sufficient and this results in rubbish accumulating on city streets, generating unsanitary conditions (Bundela et al., 2010) . Gupta et al. (2015) described the situation of MSW management in India as critical, highlighting waste improperly disposed of on the streets as representing a source of pollution that causes diverse environmental impacts as well as damage to the health and safety of the Indian population.
Challenges for the future
Although there have been improvements in MSW management in Brazil compared to the early years of this century, they were insufficient to achieve the goals established by the NPSW for the purposes of implementing integrated MSW management. This demonstrates the need for changes in the structure of the Brazilian MSW sector, such as major coverage of collection and treatment of MSW, greater involvement of civil society in sorting recyclable material and eradicating of open dumps, replacing them with appropriate final disposal of waste.
In order to achieve effective and efficient MSW management in Brazil, challenges are anticipated as follows;
1. Change of the culture and habits of the population regarding conscious consumption and the generation of solid waste. This is a long process and until the effects of this new conception materialize, the dependence on sanitary landfills will be maintained. Therefore, it is necessary to look for alternatives that allow the appropriate final disposal of waste. 2. Implementation of MSW reduction and sorting at the generation sources, at least a simple separation of organic and nonorganic waste in residences. Municipalities should try to encourage the sorting of recycled materials by placing different coloured containers for selective collection in residential areas. 3. Closure of all open dumps. Even though there have been more restrictive laws in force since 2010, the inappropriate disposal of MSW continues in all regions of Brazil. Substantial financial penalties could probably change this situation as well as more government investment and articulation between government and the business sector aimed at technical and financial cooperation. 4. Reduction of organic municipal waste landfilling. The physical composition of MSW in Brazil has a high biodegradable content. Alternatives for organic waste are composting to obtain organic nutrients for use in agriculture, methane generation and incineration.
Conclusions
Minimizing the environmental impacts associated with the generation, disposal and treatment of solid waste is a global problem. In Brazil, this is an issue of particular concern since the efforts by the Brazilian authorities to address this problem have only started relatively recently. Some key findings and challenges are outlined below. 97%). 4. Contrary to expectations, the purchasing power of the Brazilian population decreased in 2015 and, yet, the generation of MSW increased. This is because the pattern of consumption has not changed and the number of people who live and work in large urban centres has continued to grow. 5. Because of few initiatives in place, the collection of recyclable material covers less than half of the national territory. Consequently, Brazil wastes around 2.5 billion dollars annually because recyclable waste is inappropriately disposed of in landfills. 6. Brazilian cities invest around five times less in MSW management compared with cities in other countries. This is the main reason why most Brazilian cities lack the resources to manage their waste appropriately. 7. Besides changing the culture and habits of the population regarding conscious consumption and the generation of solid waste, the main waste management challenges are: improving recyclable material programmes; closing open dumps; and investing in other technologies to treat organic wastes.
